Ice sheets are the largest freshwater reservoirs on Earth and constitute a unique archive of past climate and environmental changes (e.g. Petit et al. 1999) . Polar ice sheets and sea ice, with their high albedo, are important to the Earth's climate (Bindschadler 1998) . Changes in mass balance of ice sheets have a pronounced effect on the global climate and sea level. Antarctica may be particularly important in this regard. Snow cover is very sensitive to climate change and has large feedback effect on the climate system due to the high albedo. Since snow covers almost all surfaces in Antarctica, small differences in albedo can mean large differences in absorbed radiation (Grenfell et al. 1994 ). The albedo is also spectrally distributed depending on grain size and shape, nearsurface liquid water content, surface roughness, impurities and the angle of incidence of solar rays (Orheim & Lucchitta 1988) . The properties of the surface snow give the continent its important climatic role and determine its energy and mass balance. To better understand these relationships it is essential to understand the annual snow accumulation rate and snow properties and their spatial variations.
Satellite remote sensing and large-scale numerical modelling allow us to study large and otherwise inaccessible areas. The physical properties of the snow surface are valuable ground truth data and can be used to validate remote sensing Physical properties and stratigraphy of surface snow in western Dronning Maud Land, Antarctica Eija Kärkäs, Tõnu Martma & Eloni Sonninen Information about the spatial variations of snow properties and of annual accumulation on ice sheets is important if we are to understand the results obtained from ice cores, satellite remote sensing data and changes in climate patterns. The layer structure and spatial variations of physical properties of surface snow in western Dronning Maud Land were analysed during the austral summers 1999/2000, 2000/01 and 2003/04 in fi ve different snow zones. The measurements were performed in shallow (1 -2 m) snow pits along a transect extending 350 km from the seaward edge of the ice shelf to the polar plateau. These pits covered at least the last annual accumulation and ranged in elevation from near sea level to 2500 m a.s.l. The δ 18 O values and accumulation rates had a good linear correlation with the distance from the coast. The mean accumulation on the ice shelf was 312 ± 28 mm water equivalent (w.e.); in the coastal region it was 215 ± 43 mm w.e. and on the polar plateau it was 92 ± 25 mm w.e. The mean annual conductivity and grain size values decreased exponentially with increasing distance from the ice edge, by 48 %/100 km and 18 %/100 km respectively. The mean grain size varied between 1.5 and 1.8 mm. Depth hoar layers were a common phenomenon, especially under thin ice crusts, and were associated with low dielectric constant values.
E. Kärkäs, Division of Geophysics, Dept. of Physical Sciences, University of Helsinki, Box 64, FI-00014 Finland, ekarkas@cc.helsinki.fi ; T. Martma, Laboratory of Isotope Palaeoclimatology, Institute of Geology, Tallinn University of Technology, 7 Estonia Ave., EE-10143 Tallinn, Estonia; E. Sonninen, Radiocarbon Dating Laboratory, University of Helsinki, Box 64, FI-00014, Finland. measurements. Parameters such as albedo, snow grain size and surface temperature derived from remote sensing data are boundary conditions for various models (König et al. 2001) . In radar mapping of snow cover, backscatter is determined by both surface and volume scattering; the former is dependent on the surface roughness and the dielectric properties of snow and the latter on the internal structure of snow including density, size and shape of the grains and the change in dielectric properties as controlled by impurities and water content. Solar radiation, wind packing and diurnal reversals of the temperature gradient infl uence the upper layers of snow. In dry snow the temperature gradient metamorphism associated with the transfer of water vapour is the main process for development of stratigraphic features (Colbeck 1983) .
Coastal parts of western Dronning Maud Land are still largely unexplored. The European Project for Ice Coring in Antarctica (EPICA) is currently constructing a high-resolution climate record from the polar plateau (e.g. Sommer et al. 2000) . The history of snow accumulation measurements in the western Maudheimvidda area of Dronning Maud Land (Fig. 1) is summarized by Isaksson & Karlén (1994a) . Schytt (1958) had earlier performed detailed snow pit studies in the area. Recently, the Swedish Antarctic Research Programme (SWEDARP) and EPICA also performed snow accumulation and climate studies (Isaksson & Karlén 1994a , 1994b Isaksson et al. 1996; Van den Broeke et al. 1999; Karlöf et al. 2000; Sommer et al. 2000) . Snow distribution has also been examined and the results revealed the importance of obtaining more information of the spatial variations of snow (Richardson et al. 1997) .
In the present study the most recent annual accumulation, physical properties and layered structure of the snow cover were examined. We present data on summertime surface snow conditions in western Dronning Maud Land. The fi eld campaigns were undertaken during the austral summers of 1999/2000, 2000/01 and 2003/04 as part of the Finnish Antarctic Research Programme (FINNARP). The physical properties were measured also to provide ground truth data for comparison with optical measurements performed at the same time and for remote sensing applications.
Study area and methods
Most of the measurement sites were located on the small Riiser-Larsen ice shelf or on the Ritscherfl ya ice sheet between the Vestfjella and Heimefrontfjella mountain ranges, which run approximately parallel to the coast (Fig. 1) . One site was south of Heimefrontfjella on the polar plateau (site 17). Snow on the Kvitkuven ice rise (site 2) and Högisen ice dome (site 11) was also investigated. These local topographic features are exceptions in the area, where otherwise the elevation increases with increasing distance from the coast (Kärkäs et al. 2002) . The coastal area is more affected by the changing sea ice cover and cyclonic activity than high elevation areas (King & Turner 1997) . The near-surface climate in Dronning Maud Land is determined by a combination of predominant katabatic winds and synoptic winds forced by transient cyclones travelling eastwards parallel to the coastline (Reijmer 2001) . The intense cyclonic storms from the Weddell Sea play an important role in the snow accumulation (Noone et al. 1999 ). According to Reijmer (2001) Table 1 ). The location of the Finnish research station and the navigable traverse routes determined the measurement sites. Kvitkuven and Högisen were selected because of their lower backscattering observed in the RADARSAT imagery (Fig. 1) . The geographic positions of the snow measurement sites were determined with a Garmin hand-held global positioning system instrument with a precision of ± 100 m or better.
Measurements were conducted in situ in shallow snow pits (1 -2 m) and consisted of profi les at 2 -10 cm intervals of visible stratigraphy, temperature, density, grain size and shape, dielectric constant and wetness. Samples were collected to determine conductivity, pH and oxygen isotope ratio (δ 18 O). The measurement methods are described in detail in Rasmus et al. (2003) . Snow density was measured using a cylinder sampling kit with a volume of 0.5 dm 3 (Ø 6 cm) in 1999/2000 and 0.25 dm 3 (Ø 5 cm) in 2000/01 and 2003/04, and a spring balance with an accuracy of ± 10 -3 kg. Snow grains were photographed in the fi eld using a special camera stand (Pihkala & Spring 1985) and classifi ed according to Colbeck et al. (1990) . The reported snow grain size is the greatest extension of grain (Colbeck et al. 1990; Gay et al. 2002) . The grain sizes were determined from digital images using image processing software (ImageJ). A total of 760 images and 13 460 grains were analysed.
The relative dielectric constant of a medium ε is complex and consists of a real (ε′) and an imaginary part (ε′′): ε′ = ε′ -jε′′ where . The term ε′ is usually referred to as the permittivity of the material and ε′′ the dielectric loss factor (Ulaby et al. 1986 ). Here we consider only the real part and refer to it as the dielectric constant. In dry snow the imaginary part is negligible. were analysed at the Institute of Geology, Tallinn University of Technology, using a Delta-E mass-spectrometer (Finnigan-MAT, Bremen, Germany) and for 2003/04 at the Radiocarbon Dating Laboratory, University of Helsinki, using Delta+XL mass spectrometer connected online to GasBench II (Thermofi nnigan, Bremen, Germany). The samples were measured against laboratory internal reference waters, which were calibrated on the V-SMOW/SLAP scale. The reproducibility of replicate analyses is generally better than ± 0.15 ‰.
The δ 18 O, density profi les and layering were examined to identify the annual layers and determine yearly accumulation. δ 18 O profi les are commonly used to determine the annual accumulation in areas where there is enough solid precipitation both in winter and summer, since the local δ 18 O maxima indicate the summer surfaces (Isaksson & Karlén 1994b) . Table 2 and Fig. 2 compile the results of the snow properties (surface temperature, temperature gradient between 30 and 100 cm depth, density, grain size, dielectric constant, liquid water content, conductivity, pH, δ 18 O and accumulation) showing the mean values of the topmost metre and within the annual accumulation layer for the ice shelf, the coastal region and the plateau. Table 3 shows the correlations between the different mean values of accumulation year and elevation, distance to the ice edge and latitude.
Results and discussion

Snow properties
The surface temperature decreased from the ice edge to the polar plateau and correlated best with elevation (Table 3 ). The season 2003/04 had the highest surface temperature values and the summer season was characterized by a heavy surface melting from the coast to site 10 behind the grounding line. The temperature profi les displayed diurnal fl uctuations in the top 0.3 m. At night the temperature maxima were beneath the surface due to colder air temperatures. However, the ability of solar radiation to penetrate into a snow cover, combined with the low thermal conductivity of snow, can lead to a sub-surface temperature maximum in daytime as well (Koh & Jordan 1995) . The temperature distribution in the upper snow and fi rn layers is dominated by surface temperature variations, i.e. by upward or downward heat transfer, depending on the near-surface temperature gradient (Lange 1985) . Temperature gradients in the snow affect snow grain evolution and therefore the optical properties of the snow pack Table 2 . The mean values and standard deviations of measured snow properties (surface temperature T s , temperature gradient ∆T, density ρ, density given by snow fork ρ f , grain size E, dielectric constant ε, wetness θ, conductivity κ, pH, number of layers, number of ice layers, δ 18 O and accumulation (a) in the topmost metre of snow cover and (b) in the annual layer on the ice shelf, for the coastal region between the grounding line and Heimefrontfjella and on the plateau.
pH Layers Ice layers Shelf -2.6 ± 3.4 6.5 ± 1.6 394 ± 26 363 ± 35 2.0 ± 1.0 1.76 ± 0.07 0.6 ± 0.4 24.8 ± 28.8 6.0 ± 0.3 10 ± 4 4 ± 2 Coast -4.0 ± 3.5 -5.6 ± 1.8 396 ± 30 382 ± 27 1.5 ± 0.6 1.80 ± 0.10 0.7 ± 0.5 4.8 ± 3.2 6.3 ± 0.6 12 ± 4 6 ± 3 Plateau -15.6 ± 1.3 -6.5 ± 0.8 367 ± 22 324 1.3 1.65 0.3 2.4 ± 0.1 6.4 ± 0.1 16 ± 4 10 ± 2
Shelf 388 ± 28 362 ± 36 2.0 ± 1.0 1.75 ± 0.08 0.6 ± 0.4 34.3 ± 40.6 6.0 ± 0.3 -20.39 ± 2.99 9 ± 3 3 ± 1 312 ± 28 Coast 391 ± 32 370 ± 38 1.5 ± 0.7 1.80 ± 0.11 0.7 ± 0.5 5.5 ± 5.0 6.3 ± 0. and they in turn affect the vertical distribution of absorbed energy (Brandt & Warren 1993) . Snow density is a very important variable for the dielectric constant and affects the signals detected with the ground penetrating radar and microwave remote sensing (Richardson et al. 1997) . Snow density values vary due to local meteorological conditions at different sites and the time of year when accumulation occurred. Density did not have any correlation with elevation, distance from the ice edge or latitude (Table 3) , but was the lowest in the local topographic highs and on the plateau. Mean density of the topmost metre was 394 ± 26 kg m -3 on the ice shelf, 396 ± 30 kg m -3 in the coastal region and 367 ± 22 kg m -3 on the plateau. Oerter et al. (1999) found the values of 432 ± 21 kg m -3 , 387 ± 35 kg m -3 and 338 ± 12 kg m -3 for the same regions in the topmost 2 m. In the same ice shelf area Gjessing & Wold (1986) measured the lowest values on the inner half of the shelf and at the top of Kvitkuven; the highest values were at the grounding line and on the outer part of the shelf.
The density profi les in the topmost metre were highly variable, partly due to the development of intermittent layers of depth hoar and ice lenses. Density variations decreased with depth and the mean density increased, having a weak positive correlation with depth (r = 0.41). The increase of density with depth is usually most visible at depths greater than 4 -5 m (West et al. 1996) .
The liquid water content was the highest in 1999/2000 (0.9 volume %), although in 2003/04, surface melting was partly too heavy to be detected by snow fork. Microwave interaction with a snow cover is greatly infl uenced by the presence of liquid water and therefore conditions that can lead to an increase or decrease in snow wetness are of considerable interest to the radar remote sensing community (Koh & Jordan 1995) . The effect of liquid water on snow albedo is to increase the effective grain size, because the refractive index contrast between water and ice is very small (Wiscombe & Warren 1980) .
Conductivity values decreased exponentially with increasing distance from the ice edge (Fig. 2) . Conductivity in melted samples refl ects the conductivity of all ions present in the water (Hammer 1983) . Site 1 at the edge of the ice shelf had much higher conductivity values in 1999/2000 and 2003/04 than the other ice shelf sites, probably due to remarkably high transport of sea salt. The high peaks in conductivity profi les seem to refl ect individual storm events and occur in the area both during winter and summer. They cannot be used alone for accurate dating. Major sea salt depositions have previously been found to occur in coastal Antarctica both during the winter (Legrand & Mayewski 1997) and during the summer months (Aristarain & Delmas 2002) . In the present study the southernmost sites had conductivity values similar to those found at the South Pole (2 -3 µS cm -1 ; Mosley- Thompson et al. 1985) .
Snow grain size and shape
The mean grain size in the annual layer ranged between 1.5 and 1.8 mm. Grain size decreased exponentially with the distance from the ice edge (Fig. 2) . The size distribution of all measured grains is seen in Fig. 3 . The mean size of all measured grains was 1.3 (Fig. 3) , in agreement with the coastal grain size of 0.7 -1.2 mm measured along the traverse route to Dome Fuji Station Table 3 . The Pearson correlation coeffi cients between the mean annual value of the measured properties (surface temperature T s , temperature gradient ∆T, density ρ, density given by snow fork ρ f , grain size E, dielectric constant ε, wetness θ, conductivity κ, pH, δ 18 O, number of layers, number of thick ice layers and thin crusts, accumulation) and elevation, distance from the ice edge and site latitude. The values given in boldface have signifi cance levels ≥ 95 %.
Elevation
Distance Latitude (Shiraiwa et al. 1996) . In the interior of Antarctica, snow grain size has been found to be uniformly small; near the surface, fi ne grain size is surprisingly homogeneous over wide expanses (Gay et al. 2002) . Aged snow in Antarctica can have signifi cantly smaller grains at the surface due to the prevalence of wind drift (Grenfell et al. 1994 ). For remote sensing applications, information of grain size is an important parameter. Especially in Antarctica, snow grain sizes have not been often measured and are fairly unknown (Gay et al. 2002) . Larger grains result in more effective volume scattering and in lower passive microwave emissivity (Zwally 1977) . Snow grain size is the most important variable controlling snow albedo (Brandt et al. 1991) . The near infrared albedo is very sensitive to snow grain size and grain size normally increases as the snow ages, causing a reduction in albedo (Warren 1982) . The growth of ice particles in dry snow is caused by diffusion of water vapour due to temperature gradients in the snow cover (Colbeck 1983) . Grain size at any depth is dependent on both the temperature, which determines the rate of metamorphism, and the accumulation rate, which determines the age of the snow at that depth (Goodwin et al. 1994) .
Typically the grains observed in our study were well rounded. Clustered poly-crystals were found at many sites and were included with the rounded grains. In total 4 % of all measured grains were partly decomposed precipitation crystals in the snow surface, 73 % were rounded grains, 11 % were faceted crystals, 9 % were depth hoar grains and 3 % were surface hoar according to the classifi cation by Colbeck et al. (1990) .
Dielectric constant
The mean liquid water content was less than 1 %. The snow cover could thus be considered dry and the imaginary part of the complex dielectric constant is negligible. The distance to the surface should be 5 cm to obtain reliable snow fork results. Here the snow fork results for the fi rst 4 cm have been omitted. The mean values of dielectric constant in our measurements were between 1.7 and 1.8. This is in good agreement with the values obtained by Shiraiwa et al. (1996) for the coastal region.
The dielectric constant in snow and fi rn is affected by various physical and chemical parameters such as liquid water content, snow density, crystal fabric, conductivity, concentrations and compositions of ions and micro-particles (Richardson et al. 1997) . However, the real part of the dielectric constant has been found to be almost solely dependent on the snow density and practically independent of the snow stratigraphy (Tiuri et al. 1984) . The dielectric constant is also an important parameter in interpreting ground penetrating radar data and in microwave remote sensing. The dielectric constant of snow affects electromagnetic wave speed through snow and fi rn (Richardson et al. 1997) .
Snow with divergent dielectric properties may form at the surface during periods with exceptional climatic or atmospheric conditions, such as intense storms, extremely high solar radia- tion, high temperatures or atmospheric deposition of impurities (Richardson & Holmlund 1999) . In Antarctica, dielectric properties of surface snow have seldom been measured (Shiraiwa et al. 1996) . The strength of a backscattering signal refl ected by a dry snow pack depends primarily on the dielectric properties, the number of internal refl ectors and the grain size (Zahnen et al. 2002) . In a perfectly homogeneous, dry snow pack without internal scatterers, snow refl ectivity increases with the dielectric constant (Zahnen et al. 2002) .
The manually measured densities ρ (in kg m -3 ) were compared with the dielectric constant values. The relationship between the manually measured density ρ (kg m -3 ) and the density obtained with the snow fork ρ f forms a linear regression:
ρ f = 1.03ρ -6.62
The shape of grains could affect the measured dielectric constant. The snow fork was able to detect low-density depth hoar layers (Fig. 4) . Our results show that those layers had lower dielectric constant values than rounded grains, although no linear correlation was found between snow grain size and delectric constant values.
Stratigraphy
Depth hoar layers were found usually under thin ice crusts (Fig. 4) . Especially at greater distances from the coast, several depth hoar layers were found within a single accumulation year and those layers cannot be used alone to identify a summer surface in the measurement area, although the depth hoar layers were usually associated with summer surface as well (Fig. 4) . Depth hoar in polar fi rn forms when large temperature gradients act on low-density fi rn (Alley 1988) . At sites with low accumulation, only the annual depth hoar formed by mass loss to the atmosphere during the autumn may be recognizable, whereas at sites with high accumulation, like those in the present study (except site 17), individual storms may be preserved in the snow cover as a depth hoar layer (Alley 1988) . If subjected to vapour transport down temperature gradients, buried lowdensity layers will develop into depth hoar, but high-density layers can develop into depth hoar only if they suffer signifi cant mass loss to the free atmosphere in the upper 50 -100 mm; this process seems to occur in the late summer or autumn (Alley 1988) . At the South Pole, winter deposits have been found to be fi ne-grained and dense while the summer deposits are coarse-grained and less dense (Mosley-Thompson et al. 1985) . In our measurement area the visible stratigraphy was more complex. Snow layering was better developed in coastal regions than on the polar plateau, as found in a previous study (Richardson et al. 1997) . Figure 4 shows examples of stratigraphy at the site nearest to the coast (1), at the Kvitkuven ice rise (site 2) and at site 12 between two mountain ranges. Annual layers are determined from the δ 18 O profi les. Conductivity values have high peaks during both winter and summer months. Depth hoar layers are found near the summer surface but are also visible during the whole accumulation year. Densities increase somewhat with the depth but values are quite constant within the topmost metre. Dielectric constant values vary considerably within the snow cover, clear evidence of the diverse small-scale layered structure. Table 2 presents the mean number of visible layers and of ice layers within the topmost metre and the annual accumulation layer. Wet snow and summer melting conditions were observed at the seaward edge of the ice shelf during every season. Near the coast several thick ice layers (1 -5 cm) were observed while behind the grounding line they were mostly thin ice crusts (1 -2 mm). Ice crusts form due to solar radiation or wind during the hiatus in accumulation (Goodwin 1990) . A total of 3 -4 ice crusts were found in snow pit profi les for one accumulation year (Table 2) . This is in agreement with Reijmer's (2001) observation showing 4 -5 major accumulation events in the area per year. Rott et al. (1993) emphasized the importance of snow stratifi cation in the interpretation of microwave remote sensing measurements. Highest backscattering coeffi cients and small angular variations have been observed for refrozen fi rn near the coast in Dronning Maud Land while pronounced stratifi cation, including depth hoar layers, resulted in increased backscattering intensities (Rott et al. 1993) . A large number of ice lenses, wind crusts or pronounced layer boundaries increases refl ectivity (Zahnen et al. 2002) . Heterogeneous snow pack should therefore appear brighter than homogeneous snow (Zahnen et al. 2002) .
Snow on the local topographic highs, the Kvitkuven ice rise (site 2) and the Högisen ice dome (site 11), had notably lower densities and dielectric constants than nearby sites at lower elevations and had no thick ice layers, all of which may be an indication of locally reduced speed of the katabatic outfl ow.
The δ 18 O values and annual accumulation
The mean annual δ 18 O and accumulation values are presented in Table 2 for three different areas and in Table 4 for the separate snow pits. The isotope ratios have been used to determine the annual layers. The mean δ 18 O values were the lowest in 2003/2004, even though the cold southernmost site was not sampled. This indicates that the annual temperatures were coldest in 2003 despite the fact that the summer surface temperatures were high. The mean differences between winter minimum and summer maximum with standard deviations were 10. 43 ± 3.35 ‰ in 1999/2000, 11.05 ± 2.86 ‰ in 2000/01 and 14.26 ± 2.61 ‰ in 2003/2004 . The mean annual δ 18 O values were strongly correlated with the distance from the ice edge and with the latitude (Fig. 2, Table 3 ). In view of the vast size of the Antarctic ice sheet it is important to extend considerably the investigation of the distribution of the isotopic ratios in surface snow to provide a better documented data base for interpreting the isotopic profi les of deep ice cores and also for validating isotopic model results with present-day data (Qin et al. 1994) . Figure 5 shows how snow layering and δ 18 O profi les varied at site 5 during three different accumulation years. The range of isotope values is similar in different years, indicating similar annual temperature variations, although the year 2003 seemed to be the coldest. The accumulation ranged between 219 and 335 mm w.e. due to annual differences in precipitation and also irregularity in wind redistribution. This site showed one of the largest variations in accumulation between the years (Table 4) . Within one single site the accumulation values varied between 19 and 145 mm w.e. from year to year. Also the results from the different snow pits excavated during the same season at the same site (AWS sites) showed (Reijmer & Van den Broeke 2003) . In the present study accumulation had the best correlation with the distance from the ice edge although there was good correlation also with the site latitude and elevation (Table 3) .
Conclusions
The physical properties of the topmost metre of the snow cover were measured during the austral summers of 1999/2000, 2000/01 and 2003/04 in western Dronning Maud Land in the vicinity of the Finnish research station Aboa. Studies of spatial variations are important to reveal the representativeness of point measurements, for remote sensing applications and modelling studies. Some measured quantities (density, dielectric constant and pH) stayed fairly constant with the increasing distance from the ice edge and an elevation change from 30 to 2550 m a.s.l. Although there was no trend from the coast to inland for most of the properties, there was strong heterogeneity within any single site. This emphasizes the importance of spatial studies to better understand these variations. Based on our results the snow properties differed between the geographical areas: (1) the ice shelf, (2) the coastal region and (3) the polar plateau. The Heimefrontfjella mountain range forms a steep step in the landscape and causes changes of the gradients of studied properties towards the plateau. In addition to these three snow zones, two sub-groups could be distinguished on the basis of the amount and thickness of the ice layers, grain sizes, density, conductivity and accumulation values. These sub-groups are: (4) local topographic highs and (5) the edge of the ice shelf. The local topographic highs had lower snow densities and dielectric constants, and the surface roughness and stratigraphy were not as well developed as at nearby sites at lower elevation. The site at the ice edge had abundant thick ice layers, large clustered snow crystals and high conductivity values relative to the rest of the ice shelf.
Conductivity values decreased exponentially with the distance from the ice edge. Snow temperature, conductivity, grain size, δ 18 O ratio and accumulation rate had a clear decreasing trend from the ice edge to inland. Snow surface temperature correlated best with elevation, while grain size, conductivity and accumulation rate had the best (inverse) correlation with the distance from the ice edge. The δ 18 O ratio correlated best with the site latitude. The mean accumulation was 316 ± 29 mm w.e. on the ice shelf, 218 ± 46 mm w.e. in the coastal region from the grounding line to Heimefrontfjella and 92 ± 25 mm w.e. on the polar plateau.
Seasonal meteorological variations and their effects on snow metamorphism and microstratigraphy need to be investigated in greater detail. This requires sampling and measuring at higher resolution. In future studies, it would be interesting to make detailed measurements of the snow on nunataks, where there is strong summer melting and evaporation.
